These authors contributed equally to this work. . Transport and other measurements in this system display a plethora of diverse physical phenomena [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . To better understand the interface conductivity, we used scanning superconducting quantum interference device (SQUID) microscopy to image the magnetic field locally generated by current in an interface. At low temperature, we found that the current flowed in highly conductive narrow paths oriented along the crystallographic axes, embedded in a less conductive background. The configuration of these paths changed upon thermal cycling above the STO cubic to tetragonal structural transition temperature, implying that local conductivity is strongly modified by STO tetragonal domain
structure. The interplay between substrate domains and the interface provides an additional mechanism for understanding and controlling the behaviours of heterostructures.
The complex oxides display many spectacular phenomena, including colossal magnetoresistance and high-temperature superconductivity that result from their special electronic properties. In recent years, dramatic progress in the difficult task of growing oxide heterostructures has enabled the field of "oxide interface engineering" 15 , providing opportunities for electronics. LAO and STO are both band insulators, but when four unit cells or more of LAO are grown on a TiO 2 -terminated STO {001} substrate, the interface conducts 1, 3 . The prevailing explanation of conduction at the interface is electronic reconstruction due to a 'polar catastrophe' in which charge migrates from the top LAO layer to the interface 3, 16 . Additional physical phenomena in LAO/STO include superconductivity 3, 4, 6, 7, 9, 11, 17 and magnetism 5, 8, [10] [11] [12] [13] [14] . The in-plane angular dependence of magnetoresistance 18 , strong trends in spin-orbit coupling with applied back gate voltage obtained from magnetotransport 9, 17, 19 , and quantum oscillations 9, 20 all show a diverse set of behaviours in transport studies, but the possibility of correlation between the transport and the local structure is relatively unexplored. Our previous work 13, 14 showed that magnetism and superconductivity in this system can be inhomogeneous. We applied the same local measurement techniques to explore the relationship between structure and normal current flow.
Here we locally probed how current distributed in seven samples (Supplementary Table S1) using a scanning SQUID with micron-scale spatial resolution 21, 22 . We applied an AC current to each sample and used lock-in techniques to image the AC flux, which is a convolution of the SQUID's point spread function and the z component of the magnetic field due to local currents (Fig. 1a, Methods) .
In a simulated flux image for current flowing in a sample shaped like sample H1 but with uniform conductivity (Fig. 1b) , the measured magnetic flux monotonically changes from positive to negative inside the Hall bar, and decays to zero outside. The actual measured magnetic flux in sample H1 (Fig. 1c) similarly varied overall from positive to negative, but substantially deviated from smooth, monotonic behaviour, demonstrating that the current density varies strongly as a function of position.
Although the qualitative conclusion is clear from the raw data, we can better visualize the spatial variations by using an experimentally determined point spread function from a nominally identical SQUID and techniques outlined in Ref. 23 to extract the 2D current density from flux images.
The component of the 2D current density parallel to the long dimension of the Hall bar shows a large spatial variation in the magnitude of current flow (Fig. 1d) . Line cuts of the current reconstruction reveal that the modulation of the current density is at least a factor of two (Fig. 1e) . The height of the actual current modulation and corresponding conductivity modulation may be much higher because the observed variations are resolution-limited (See Supplementary Information).
The current does not flow near the edges of the patterned sample, similar to the behaviour of the superfluid density, which disappears near patterned edges 24 .
The paths of higher current density are oriented along the [100] p STO crystal axis which is also parallel to the edge of the Hall bar (Fig. 1c) Table S1 ). We also observed a small number of features that are not resolution-limited, some of which are aligned along the crystallographic axes (Fig. 2c ).
To confirm whether the current density in the narrow paths is higher or lower than the average current density, we considered the geometry of the sample. For the images in Figure 2 , we determined the expected direction of current flow based on the position of the contacts and where the image was taken on the sample (Fig. 2) . The projection of the current flowing in narrow paths onto the expected current direction is parallel, rather than antiparallel, showing that more current is flowing in the paths.
Narrow paths of locally higher current density appear in the middle and bottom panels of Figure 2 as red stripes. Our flux images are dominated by sharp features due to current in narrow paths. Slowly varying fields from a 2D sheet current are more difficult to quantify, so from the present data sets on large samples we cannot accurately determine the fraction of the current that flows in the narrow paths.
The configuration of current paths depends on the thermal history of the sample. We thermally cycled sample M1 repeatedly (Fig. 3a) , and AC flux in the sample area was imaged after each cycle at 4 K ( Fig. 3b-e ). Thermal cycling above a temperature of 105 K, under which the structure of bulk STO transitions from cubic to tetragonal 26 , resulted in a new pattern of current paths (compare Fig. 3b to c, d
to e); thermal cycling to a temperature below 105 K did not result in a similar change (compare Fig. 3c and 3d). We therefore relate the configuration of the channels to the configuration of STO tetragonal domains.
We imaged sample M1 with polarized light microscopy (Methods), which confirmed the existence of a domain structure that is similar in appearance and behaviour on thermal cycling to current paths observed in these unpatterned samples (Fig. 4 , See Supplementary Information)
We checked the dependence of the features on both temperature and back gate voltage. In the unpatterned sample M2, we observed structure in the current flow at ~5 K similar to the features of the type detected in It is natural to ask how the spatial patterns in the normal current flow relate to superconductivity. Sample H2 was superconducting with no applied gate voltage at our lowest temperature. We measured local diamagnetic susceptibility in sample H2 and detected a small modulation (~1% of the total diamagnetic response) with the same orientation and position as the modulations in the normal current flow (See Supplementary Information).
We now turn to a discussion of possible origins of the enhanced conductivity. Walls between ferroelectric domains are conducting in other perovskite systems that are known to be ferroelectric 27, 28 , but there is no clear evidence for ferroelectricity in LAO/STO, so we consider different mechanisms.
The thermal history dependence of sample M1 (Fig. 3) indicated that the observed features are due to the tetragonal structure of STO below 105 K. We expect the domain structure near the interface to be determined predominantly by the STO substrate. The tetragonal transition is driven by the rotation of the TiO 6 octahedra about the lengthened axis, labeled as the c-axis 26 The presence of LAO will most likely affect the tetragonal domain structure near the interface.
The lattice constant of bulk LAO is slightly smaller than that of STO, so the LAO lattice constant is shortened in the growth direction. In addition, more subtle distortions to both the LAO and STO layers have been observed, including lengthening of the TiO 6 octahedra in the first layer of STO 31 , buckling between the cations and oxygen in the LAO layers, 32 and octahedral distortion and rotation induced by the LAO in the STO layer 33 . All of these effects may be important to the structure of twin boundaries and tetragonal domains near the interface, and therefore useful for understanding the physical interpretation of our results.
Higher conduction due to tetragonal domain structure indicates a local increase in either mobility or carrier density. The mobility of La-doped SrTiO 3 has been shown to be strongly enhanced by strain 34 , and the strain due to twin boundaries or tetragonal distortion of the interface may similarly decrease the effective mass. We are unaware of any mechanism by which scattering could decrease by a large amount at a twin boundary or in certain domains. The low-energy twin boundaries in STO are not expected to be charged 30 , although an increase in carrier density could come from either increased oxygen vacancy density near the boundary or a change in the twin structure near the interface. Detailed theoretical studies of the change of the domain structure near the interface and the electronic details arising from this change are needed to clarify the origin of the locally enhanced conductivity observed.
Factors important for domain formation, such as strain and cooling rate, will also influence the local conductivity, which may manifest itself in transport studies at low temperatures. Anisotropic conductivity and dependence of transport on other direction-dependent tuning parameters, such as an externally applied magnetic field, may also be affected by the presence of enhanced conductivity due to tetragonal domain structure. In addition, the extraction of global physical parameters from transport assuming uniform conduction may have to be modified for samples with a high density of paths of enhanced conduction (e.g. Fig. 1 ).
The interplay of interfacial conduction and domain structure adds another level of intricacy to the physical phenomena observed in complex oxide heterostructures. This work emphasizes the ability of small structural changes in the perovskite crystal structure to strongly influence the electronic properties of heterostructures. We have shown that the intersection of domain structure and interfaces can exert effects on the physical properties of the materials system, effects that may not be limited to conductivity in other materials. Accounting for and controlling domain structure may enable the engineering of novel and interesting physical systems.
Methods
Sample H1 was patterned using an AlO x hard mask. Gold contacts were patterned onto samples M1 and M2 using ion etching and filled by sputtering with ~50 nm of Ti and then ~150 nm of Au. LAO was deposited in partial oxygen pressure using pulsed-laser deposition and were post-annealed in a partial pressure of oxygen. Specific values of temperature and pressure for each sample are provided in Supplementary Information.
We used a scanning SQUID to image magnetic fields from the samples by recording the magnetic flux through a 3-m pickup loop (Fig. 1a) as a function of position 21, 22 . The measured flux is given by Φ = ( , ) • where the integral is taken over the plane of the SQUID, g(x,y) is the point spread function of the pickup loop, and is the magnetic field produced by the sample. We applied an AC current to the sample and used lock-in techniques to image the flux due to local currents in the sample. Thus, each flux image is a convolution of the SQUID pickup loop and the z component of the magnetic field produced by a current. A current-carrying wire appears as a white stripe next to a dark stripe. To provide more intuitive images, we deconvolved the pickup loop's point spread function from the raw data and inverted the resulting magnetic field to produce a current image, as described elsewhere 35 . The RMS magnitude of applied current ranged from 8 A for the Hall bar to 600 A for large samples at frequencies between 600 Hz and 5 kHz. We also imaged local magnetic susceptibility using a field coil on the SQUID chip that is concentric with the pickup loop 20 .
Measurements on samples H1, M1, and M2 were made using scanning SQUIDs with a base temperature of 4.2 K. Measurements of superconductivity and normal current in sample H2 were made using a scanning SQUID in a dilution refrigerator 21, 22 .
We used a constant flow cryostat with optical access and polarization preserving components for polarized light microscopy. Light was first linearly polarized and was then reflected off the surface of the sample. The reflected light was analyzed using a second polarizing filter. The contrast in an image was due to spatially dependent rotation of the light's polarization reflected off the sample. at approximately 45° to the growth axis. TiO 6 octahedral rotations (circular arrows, ) along the lengthened c-axis (black arrows) are exaggerated, and the exact structure of TiO 6 octahedra close to the twin boundary and interface will be more complicated.
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